Growing buckwheat (Fagopyrum esculentum Moench. Caryophyllales: Polygonaceae) in rotation with potato and other vegetable crops has been reported to decrease the density of an invasive wireworm species (Agriotes sputator Linnaeus. Coleoptera: Elateridae) in Nova Scotia, Canada. It was predicted that the negative effects on wireworm populations result from phytochemicals by buckwheat that act as deterrents, anti-feedants, or toxins in the roots or when released into the soil. Choice assays were conducted to test the attractiveness of germinating, branching, and flowering buckwheat, red spring wheat (Triticum aestivum Linnaeus. Poales: Poaceae) and island barley (Hordeum vulgare Linnaeus. Poales: Poaceae) to the larvae. Twenty-one day, no choice feeding assays were conducted to determine change in mass and mortality of A. sputator larvae when fed buckwheat or barley. There was no evidence that the wireworms were deterred by buckwheat and the germinating stage of all three crops was the most attractive based on the 24-h choice assays. After the 21-d no choice feeding assays, no differences between hosts were observed; however, wireworm herbivory significantly reduced the growth of barley but not buckwheat. The findings from the no choice feeding assays suggest that buckwheat may produce anti-feedants, but longer term feeding assays and field trials are required to confirm this possibility.
Soil dwelling insects generally move randomly through the soil until they encounter suitable chemical cues (Bell 1990 ) that indicate the presence of a potential food source. Herbivorous species initially respond to carbon dioxide (CO 2 ) emanating from plant root systems by navigating up the concentration gradient until they encounter more specific plant exudates (Hiltpold and Turlings 2012) . Positive cues will further aid the insect to locate the host, at which time acceptance and active feeding will occur if the plant contains the appropriate phagostimulants (Lees 1943 , Johnson and Gregory 2006 , Hiltpold and Turlings 2012 . However, both the emission of, and response to, cues affecting foraging behaviors may be modified by prevailing abiotic conditions such as soil temperature and humidity, or soil particle size (van Herk and Vernon 2006, Hiltpold and Turlings 2012) . Similarly, foraging behavior may be affected by biotic factors including the developmental stage of the herbivore, the phenology of the plant, and the presence of other herbivores and/or microbes (Bell 1990) .
Wireworms (Coleoptera: Elateridae) in the genus Agriotes exhibit this general pattern of foraging behavior, moving longitudinally in the soil column in response to changes in soil moisture and temperate, and laterally in response to suitable chemical cues (Lees 1943 , van Herk and Vernon 2006 , Johnson and Gregory 2006 , Vernon and van Herk 2013 . They show a strong response to CO 2 resulting in greater attraction to geminating plants, especially grains, pasture, and wild grass (Doane et al. 1975 , Parker and Howard 2001 , Vernon and van Herk 2013 , although moulting individuals exhibit lower responsiveness than the non-moulting ones (Evans and Gough 1942) . Agriotes larvae use infochemical cues to locate and initiate feeding on hosts, including volatile organic compounds, amino acids, carboxylic acids, and sugars, all of which may vary as a function of plant phenology (Johnson and Gregory 2006, Barsics et al. 2017) . In contrast, phenols and flavonoids generally deter soil dwelling insect herbivores (Todd et al. 1971, Johnson and Gregory 2006) .
Several plants, including buckwheat Fagopyrum esculentum (Polygonaceae), have been reported to decrease wireworm population levels in Nova Scotian potato and carrot fields when planted as cover or rotation crops (MacKenzie et al. 2010) . Buckwheat root exudates contain both phenol and flavonoids that increase in concentration with plant age and have a negative allelopathic effect against various insect and other plant species (Oomah and Mazza 1996, Kalinova et al. 2007 ). Thus, it was predicted that the negative effects on wireworm populations previously observed in the field are due to phytochemicals produced by buckwheat that act as deterrents, anti-feedants, or toxins in the roots or when released into the soil, resulting in wireworm death from direct toxicity or starvation.
If this is the case, we hypothesized that buckwheat produces fewer or no compounds that would attract wireworms. We tested this using an invasive wireworm species, Agriotes sputator (Linnaeus), introduced into Eastern Canada from Europe in the 1850s and has become a pest in Prince Edward Island (PEI) (Campbell 1937) . We examined A. sputator foraging behavior using a six-arm underground olfactometer (Rasmann et al. 2005 ) as a function of host plant (buckwheat, barley Hordeum vulgare (var. Island), and wheat Triticum spp. (var. Red Spring) and phenological stage (germination, branching, and flowering). We predicted that significantly fewer larvae would be attracted to buckwheat than other readily acceptable host plants at all stages of development.
Buckwheat does not produce quinine or allyl-iso-thiocyanate, compounds known to cause wireworms to reject a food source (Golisz et al. 2007 ), but it does produce a suite of phenols and flavonoids in response to herbivory (Oomah and Mazza 1996, Dietrych-Szostak and Oleszek 1999) that are known to negatively affect a number of different coleopteran herbivores (Huang et al. 2002 , Kalinova et al. 2011 . Therefore, we also hypothesized that compounds within the buckwheat roots deter feeding leading to wireworm starvation or mortality. We tested this hypothesis in no-choice feeding assays where mid-and late-instar A. sputator larvae were provided either buckwheat or barley in two different phenological stages (germinating or flowering stage). The predictions were that: 1) mortality would be higher and gain in body mass lower on buckwheat than on barley; 2) mid-instar larvae would be more negatively affected than later instars; and 3) the effects would be greater on flowering than germinating buckwheat due to the presence of more defensive compounds.
Materials and Methods

Insects and Soil
Fine, loamy, sand soil was collected from sites subjected to barley/soy or barley/potato rotations without insecticide or fertilizer treatment for 5 yr on the AAFC Harrington Research Farm, Charlottetown, PEI. Thus, the soil used in all experiments carried out at the AAFC London, Ontario Research Center, was similar to the soil conditions where buckwheat had been used as a rotation crop and a decline in wireworm densities was observed. The soil was filtered through 2 cm and 1 mm sieve to extract debris and most macro-organisms and then was stored in sealed plastic bags at 4°C until needed.
Wireworms were also collected at AAFC Harrington and stored at 15°C in plastic containers filled with moist PEI soil and provided potato slices every 3 wk. Only A. sputator larvae were found, identified by the characteristic brownish juxtaposed plates on the sternum between the coxae (Eidt 1954) .Wireworms may spend a substantial amount of time in a fasting state (Doane et al. 1975) , so when required for assays larvae were moved from the holding conditions to containers at 20°C with a feeding bait composed of 11 ml wheat seed and 11 ml of corn seed layered in 50 ml of moist, medium grade Vermiculite (Vernon et al. 2009 ) placed in the centre. This was changed every 4-5 d, and over a 2-wk period all wireworms observed feeding were collected and were separated into early (1st-3rd), mid-(4th-6th), and late-(7th-8th) instars based on the number of thoracic spiracle teeth under ×300 magnification (Basden 1950 ). There were no early instar larvae available in either of two shipments received and only enough late instar larvae were available for the olfactometer choice assay.
Plants
Buckwheat and the positive controls (barley and wheat) were germinated for 2 d in a growth cabinet set at 22 ± 2°C, 16:8 (L:D) h, and 50 ± 10% relative humidity (RH), then transplanted and grown in 10 cm diameter pots filled with PEI soil with 20% soil moisture, the optimal condition for wireworms (Campbell 1937 ) and microbial diversity (Grayston et al. 1998) , in a greenhouse under 16:8 (L:D) h, of 23-27°C, and 40-60% RH.
Choice Test: Underground Olfactometer
In order to test for wireworm affinity to buckwheat relative to other readily accepted host plants, three six-arm underground olfactometers (Rasmann et al. 2005) were used to assay wireworm responses to various plant type/plant phenological stage combinations (discussed subsequently) in a growth cabinet at 22 ± 2°C, 16:8 (L:D) h, and 50 ± 10% RH. All arms of the olfactometer were wrapped in tin foil to simulate the darkness below ground, while the midchamber and the end pots remained exposed to light. The midchamber had a parafilm seal with small perforations to direct airflow from the arms to the middle. Three plants at the same growth stage, along with the soil they were grown in, were transplanted into each arm of the olfactometer 24 h before an assay was carried out. Preliminary trials determined that this number of plants was required in order to generate a response by the wireworms within 24 h. For any given plant species (buckwheat, barley, and wheat), two arms contained germinating seeds, two contained plants at branching stage (axillary buds grow into primary branches), and two contained plants at the flowering stage (blooming). Only late-instar larvae were available at the time the olfactometer assays were conducted. Ten larvae were placed in the midchamber and their positions were determined 24 h later. There were 10 replicates for each host plant (wheat, barley, and buckwheat). We did not compare the same stages of different plants, for when buckwheat is used as a cover crop it is sown as a monoculture, this wireworm would not have a choice of potential host species.
No-choice Test: Feeding Assay
To determine whether compounds within the buckwheat roots deter feeding, longer-term feeding assays were performed using two different sized wireworms (mid-and late instar) and two host plants at two different phenological stages (germinating and flowering). Five wireworm larvae of the same size (mid-or late instar) were added to each 24 cm diameter pot which contained eight plants of the same type and growth stage in approximately 800 g soil at 16-20% moisture and held in the greenhouse under 16:8 (L:D) h, 23-27°C, and 40-60% RH conditions. This larval density was chosen to reflect those found in highly infested fields (Vernon and van Herk 2013) and assays were carried out for 21 d, as previous laboratory studies found this was sufficient to detect potential effects from wireworm defoliation (Grove et al. 2000 , Hall 2003 ). Control pots were uninfested. Infested plants were held in 47.5 × 47.5 × 47.5 cm rearing cages to avoid losing larvae or emergent adult click beetles. At the start of each assay, the five wireworms were individually weighed and a mean weight calculated, and at the end the proportion surviving and their weight was recorded in order to calculate the average change in wireworm mass.
The shoot length (from soil to the tip of the plant) of all eight plants in each pot was measured at the start and the end of the assay to calculate shoot growth. At the end of the assay, the fresh mass of root and shoots, as well as root length of each plant, were recorded. The roots and shoots were oven dried for 48 h at 60°C and the dry weights recorded. Table 1 outlines the number of repetitions per treatment combination. Control pots (un-infested plants) were replicated 10 times per plant type and plant stage.
Statistics
The data from the olfactometer assays were modelled with a generalized linear model (GLM) of binomial distributions (Turlings et al. 2004) . Differences in the number of wireworms in each arm of the olfactometer were analyzed using a two-way ANOVA with chisquare test of plant species and plant phenological stage. The model was saturated before the plant species term was removed since only plant phenological stage was a significant factor. Significant pairwise comparisons were identified with Tukey's post hoc analyses.
The plant variables measured (i.e., shoot growth, final root length, fresh shoot and root weight, dry shoot and root weight) were analyzed using a two-way ANOVA. Data for both host plants and the different phenological stages were analyzed separately, testing the variables: treatment (infested/un-infested), and wireworm instar group. The wireworm variables (i.e., proportion surviving and change in mass) were also analyzed using a multi-way ANOVA testing the variables: plant type, plant stage, and wireworm instar. All statistical analyses were performed using R software version 3.2.5 (R Core Team 2018) and the tool Rstudio. Packages dplyr, ggplot2, multcomp, and lsmeans were used.
Results
Choice Test: Underground Olfactometer
Plant phenological stage significantly affected larval movement (χ 2 = 8.97, df = 2, P = 0.01), but neither plant type (χ 2 = 0.37, df = 2, P = 0.83) nor plant type X plant stage interaction (χ 2 = 4.56, df = 4, P = 0.34) did. A post hoc Tukey test showed that plants in the germinating stage were significantly more attractive to the larvae than those in the branching stage (P = 0.02) (Fig. 1) . However, for buckwheat and wheat, larvae showed no preference between germinating and flowering plants (P = 0.0629), or between flowering and branching plants (P = 0.853).
No-choice Test: Feeding Assay
Wireworms, regardless of larval instar, caused no significant decline in growth, fresh or dry mass of geminating ( Fig. 2A-C) or flowering ( Fig. 2D-F Table 1 [online only]). In contrast, both wireworm larval stages caused a significant decline in shoot growth (Fig. 3A) and fresh (Fig. 3B ), but not dry shoot mass, of germinating barley compared with controls ( Fig. 3C ) (Statistical results in Supp Table 1 [online only]). However, no significant effects were detected when barley was in the flowering stage ( Fig. 3D-F) .
) buckwheat (Supp
A similar pattern was seen with the root systems, as neither wireworm larval instar significantly affected final root length, or fresh and dry root masses of either germinating or flowering buckwheat plants (Fig. 4A-F) . In contrast, both stages of wireworm caused a significant decrease in all parameters measured in both phenological stages of barley (Fig. 5A,C,D-F) , with the exception of the fresh root mass of germinating plants (Fig. 5B (Statistical results in Supp  Table 2 [online only]).
Neither the proportion of wireworm surviving (Fig. 6 ) nor larval weight change over the 21-d assay ( Table 2) was significantly affected by either the species or phenological stage of host plants.
Discussion
As anticipated, the germinating stage of all three plants species was the most attractive to A. sputator larvae, consistent with findings for other wireworm species (Doane et al. 1975 ). The explanation is associated with the production of CO 2 , the major longer distance chemical cue for foraging herbivorous wireworms, which is highest Fig. 4 . The effect of Agriotes sputator wireworm feeding on different root parameters of germinating (A-C) and flowering (D-F) buckwheat, Fagopyrum esculentum.
in this phenological stage (Doane et al. 1975 , Parker and Howard 2001 , Johnson and Gregory 2006 . The responses were quite variable and could be attributed a balance between CO 2 and other root volatiles/exudates that could affect the attraction (or lack thereof) of herbivores to plant root systems (Doane et al. 1975; Barsics et al. 2014 Barsics et al. , 2017 . Other known attractants for wireworms, such as hexanal, (E)-hex-2-enal, (E)-non-2-enal, and (E,Z)-nona-2,6dienal), as well as certain acids and sugars (Johnson and Gregory 2006, Barsics et al. 2017) , occur at higher concentrations in older plants and would influence behavior in a closed systems such as the olfactometer used. However, it is clear that buckwheat is no more or less attractive than the other two plants tested. Therefore, contrary to originally predicted, any decline in wireworm populations in the field is likely not be the result of the wireworms having difficulty locating this host plant.
Wireworm feeding caused significant reductions in most of the growth parameters measured in barley but not in buckwheat, suggesting that buckwheat roots may produce anti-feedants. However, this lack of feeding was not associated with increased wireworm mortality over the 21-d study, but the variability observed in larval mass could be explained by the fact that wireworms may survive several weeks without feeding (Evans and Gough 1942) . In addition, as wireworms go through bouts of feeding and fasting that may last several weeks, a 21-d assay would be sufficient to detect the impact of highly toxic compounds (Grove et al. 2000 , Hall 2003 ); however, it may be insufficient to really detect more subtle anti-feedant effects. Under field conditions, buckwheat plants would not only grow much larger and produce more compounds, the time that wireworm larvae are exposed to any anti-feedant effects would be longer. Furthermore, larger larvae are known to feed on decaying organic matter (Evans and Gough 1942) , and as the buckwheat is plowed in as a green fertilizer this decaying material would remain unpalatable if anti-feedant compounds persisted, leading to longer exposure times and thus potentially higher wireworm mortality.
The reduced impact of wireworm on buckwheat compared with barley could be the result of compensatory growth in response to herbivory (McNaughton 1983 , van der Meijden et al. 1988 ). In addition, volatiles emitted following herbivory may be used as foraging cues by the herbivore's natural enemies (Hiltpold et al. 2011 , War et al. 2012 , so volatiles from injured buckwheat roots may result in increased predation and/or parasitism and thus contribute to the observed population decline in the field.
While the results suggest that buckwheat roots may contain antifeedants or mild toxins, it is still unclear the degree to which they caused the observed decline of wireworm populations when buckwheat is used as a rotation crop in a management scheme under field conditions. Additional assays of longer duration, or with larger plants under more realistic environmental conditions, need to be carried out. If these studies confirm there are active anti-feedants in buckwheat roots one could test the different compounds in feeding assays. It would also be important to investigate the possibility that these chemical defenses influence wireworm behavior, such as switching between feeding and fasting bouts that subsequently may affect long-term survival of the wireworms. Furthermore, the possibility that volatiles emitted by buckwheat following herbivory serve as foraging cues for natural enemies of wireworms deserves attention. Finally, there is a need to conduct large-scale field trials, comparing the rotation of potato with either barley or buckwheat to monitor temporal changes in wireworm density and the relative abundance of different larval stages to determine if and when mortality occurs. 
